In recent years, the operating cost of sewage treatment plants (STPs) in some parts of the world has been rising due to increases in the cost of energy. STPs have focused on energy reduction and recovery from treatment processes in order to lower energy consumption. The development involves the improvement of capital set-up for treatment plants in terms of equipment upgrading/plant sizing as well as exploration of novel technologies for sewage, excess sludge treatment and biogas recovery. This review compares the current technologies applied in STPs around the world and discusses these technologies and facilities which may enhance energy reduction and recovery in sewage treatment.
METHODS
A study of the energy footprint of a domestic STP would need to include the various key treatment processes, the practices associated with these processes, and the various stages of development of technology. It is noted, that, to a large extent, the selected treatment process is influenced In the desktop review, emphasis had been placed on utilization of energy for the treatment processes within the plant. Processes occurring outside the treatment plant, while requiring some degree of awareness, had not been included in this study. Similarly, the study had focused on the opportunities within the plant when considering the energy recovery.
This study focuses on the following three categories:
1. Climate, state of economic development, characteristics of influent wastewater, and energy footprint of the various treatment processes in a domestic wastewater treatment plant.
2. Assessment and mapping of practice and technology developments in the candidate countries -in terms of energy usage and energy recovery at the time of study.
3. Alternatives and emerging technologies of energy conservation/reduction and energy recovery -taking into account the various issues related to climate change and the economic and technological capabilities of the candidate countries.
RESULTS AND DISCUSSION

Broad comparisons
Impact of nitrogen removal
Where plants are required to provide only primary treatment, understandably, they would have lower energy consumption compared to those that provide more comprehensive treatment.
According to an energy baseline benchmarking study, which measured energy consumption in the secondary treatment processes of various sizes of plants, energy consumption of secondary treatment ranged from 27 to 57% of total plant energy consumption (M/J Industrial Solutions ). This is in accordance with the often-cited range of 30-60%. Where biological nitrification/denitrification is applied, total energy consumption of the plant can increase by 40-50% (M/J Industrial Solutions ). 
Impact of discharge limits and climate
In addition to the characteristics of influent sewage, discharge limits may also significantly affect energy consumption. To meet stringent discharge limits, advanced treatment which may be energy-intensive is often required. For example, Sweden has strict emission legislation due to its sensitive aquatic environment ( Jonasson ) . STPs then use more energy to satisfy treatment requirements to ensure the suitability of treated effluent for discharge.
Climates, under which the STPs operated, appear 
Impact of aerator and mixer
Aeration can be achieved with either mechanical or diffuser systems and the latter may be with either coarse or fine bubble diffusers. Typically, fine bubble diffusers are only capable of transferring 2-3 kg O 2 /kWh while coarse bubble diffusers deliver about 1 kg O 2 /kWh. Japan and
China (see Table 1 ) had the lowest specific energy consumption (at 0.148 kWh/m 3 ) for aeration requirements. In the case of Japan, the specific aeration technology used could not be determined. In the case of China, aeration at the 
Impact of sludge retention time (SRT)
The impact of SRT on energy consumption may be seen from information in Table 2 , where the oxidation ditch configuration consistently had higher energy consumption in Canada, the USA (Wisconsin) and Japan when compared against the conventional activated sludge process. The oxidation ditch will typically have a longer SRT compared to the activated sludge process. Process changes which can be beneficial include shortening the SRT, and replacing aerobic zones with anoxic zones.
Impact of combined heat and power unit
Combined heat and power (CHP) is a reliable and cost-effective option for STPs. A well-designed CHP system that is powered by digester gas offers many benefits because it can produce power at a cost below retail electricity and lowers overall energy costs, increases electric reliability and improves environmental quality.
The Austrian Strass STP is particularly interesting because at 109% energy generated (Jonasson ) it is energy self-sufficient. The Strass STP has a CHP arrangement that converts biogas into electrical energy with an Note: Energy efficiency is defined as the percentage of reduced and generated energy of total required energy of a STP. The deammonification process does not require supplementary carbon and the resulting larger quantity of excess sludge increased the methane content from about 59 to 62%.
Energy savings on sludge treatment
In sludge treatment (i.e. thickening, dewatering and digestion), energy consumption can be as low as 0.012 kWh/m 3 ( Table 1 ). The digestion process requires heat to maintain the appropriate operating temperature for degradation of sludge to produce biogas. In a colder climate application, the mesophilic system is employed and both internal and external heating may be applied. Following digestion, the sludge is dewatered. In order to enhance dewatering, a polymer is used as conditioner. The conditioner facilitates water separation from the sludge solids which can lead to considerable energy savings. In Japan, for example, poly-ferric sulphate was added to the gravity thickener. It was suggested that higher levels of iron in the thickened sludge occurring from the thickening process increased volatile solids reduction by anaerobic digestion (Novak et al. ) . The biogas generation of the Japan case contributed to 50% of the energy consumed.
Comparative study
A relatively more detailed, comparative study of two STPs operated under different climates has been carried out. Operating parameters, plant configuration and equipment set-up of these two plants have been compared and discussed herein.
Using the Gaobeidian STP (Beijing China) and the Jurong STP (Singapore) as examples, an attempt was made to identify where energy savings might be derived (see Table 3 ). The and this would result in a higher energy consumption since the COD concentration is higher than that in usual domestic wastewater.
Planning for upgrade
The gathered information suggests plants with positive energy efficiency have largely achieved this by replacing external energy supplied to the plant with energy generated from within the plant (attributed to the anaerobic digesters and methane produced). Aside from this, there are a number of areas where energy can be used more effectively. 
Fine bubble air diffusion systems
While fine bubble aeration systems are more expensive to install, require cleaner air, and must be periodically cleaned, these are justified with significant energy savings. In Canada, fine bubble aeration systems provide an oxygen transfer efficiency of 15-40%, compared to coarse bubble diffusers which have an oxygen transfer efficiency of 9-13%, and most retrofits from coarse bubble to fine bubble diffusers will produce aeration energy savings of 20-40% and paybacks within 2-4 years, including increased capital and the additional maintenance costs (EPRI ).
Anaerobic digestion and CHP
To lower energy import into a STP, energy recovery methods such as anaerobic decomposition of organic compounds is a promising option. At the Singapore STPs, in-plant energy production is 20-36% of total energy requirement. It is possible to achieve significantly higher in-plant energy production based on reports from Japan (50%) (Mizuta & Shimada ) , Iran (61%) (Nouri et al. ) , Austria (38%) (Jonasson ) and Canada (30-50%) (Monteith et al. ) . It is important to improve the digestion process to enhance the contribution of anaerobic digestion to energy production. Physical treatments, such as maceration of feedstocks, can increase the rate and extent of bacterial digestion and thus gas production (Hartmann et al. ) . Ammonia is used to raise the nitrogen content and decrease the carbon: Higher efficiency standards in pumps and blowers will help reduce energy consumption. Performance improvement can result from design and manufacturing improvements (e.g.
closer manufacturing tolerances, lower electrical loss materials, improved bearings and more efficient cooling fans). It has been reported that conversion of 100-horsepower surface aerators to 25-housepower subsurface aerators, and replacement of an aerated grit chamber with a vortex system resulted in 70% energy savings (Cohn et al. ) .
Dissolved oxygen control
Activated sludge treatment systems usually require dissolved oxygen (DO) concentrations of 1.0-1.5 mg/L for stable aerobic operation (M/J Industrial Solutions ). Dissolved oxygen levels higher than these represent an over-aeration condition and lead to wastage of energy. Dissolved oxygen monitors in the aeration basins and aeration devices with adjustable aeration intensities will help reduce energy consumption and this will particularly be so when such data can be applied with suitable mathematical process models.
For efficient operation and control, it is necessary that accurate dissolved oxygen measurements be obtained for the wastewater in the aeration basins. In the USA, for many 
Centralized versus dispersed plant sizing
The larger the volume of sewage treated, the better the energy efficiency when energy consumed is normalized 
Utilization level versus design capacity
Constructing large plants does, however, carry the risk of under-utilization, especially in the early stages of the plant's service life. A study in Iran showed that the overall specific electrical energy consumption was approximately 0.3 kW/m 3 , which was 50% more than the average (Nouri et al. ) . This was because blowers had been operated at design capacity but the STP was treating less wastewater than anticipated.
SUMMARY
Consideration of the information available would suggest energy savings of 50-80% can be achieved but this would likely require implementing a combination of methods and a number of these have been identified in the preceding discussion. Better in-plant energy generation has appeared as a significant contributor to reducing imported energy. Applying CHP generators can improve overall biogas fuel conversion efficiency of biogas to 90% (electrical energy conversion to 38% and heat production to 50-60%). The Strass STP in Austria has applied this to even go beyond a neutral energy consumption condition while the Tabriz STP can potentially generate 97% of its energy requirements in-plant. In addition, appropriate plant planning and upgrading will greatly improve energy efficiency at STPs.
